We investigate the effect of doping on the parameters of transparency carrier density and peak gain of GaInNAs/GaAs quantum well lasers emitting at 1.3 µm and compare the results with that of an equivalent nitrogen-free InGaAs/GaAs structure. A significant reduction in the transparency carrier density by p-type doping and an increase in gain by n-type doping are observed for GaInNAs/GaAs contrary to nitrogen-free InGaAs/GaAs. The results are analysed using the band-anti-crossing model for band gap, effective mass and simple approximate expressions for carrier density and optical gain. Our calculations show that doped III-N-V quantum well active layers may have certain benefits to lasers.
Introduction
Lasers made from new material systems, such as dilute nitrides and antimonides, or quantum dot active regions, are promising approaches to achieving temperature-insensitive 1.3 µm lasers on GaAs substrates. With several groups [1] [2] [3] [4] demonstrating diode laser operation using GaInNAs quantum well (QW) lasers, there is an intense pressure to improve performance and reliability, and to extend emission wavelengths and high performance into the ultraviolet. One of the most promising approaches is the material system GaInNAs [1, 5] , which can be grown lattice matched or strained on GaAs. The main aim of producing dilute nitrides in [6] was to bridge the gap between nitrides and arsenides. Emission wavelengths between 1.1 and 1.3 µm can be realized depending on the N composition. However, the electronic properties of the alloy GaInNAs is markedly different from most other III-V alloys. In most, if not all, other III-V alloys, when a semiconductor element is replaced by one of smaller ionic radius, the band gap energy increases. Furthermore, the decrease in energy per atomic per cent of nitrogen is more than ten times greater than the typical increase in other semiconductor alloys [7] . In addition, electron effective mass increases as the energy gap decreases [8] , contrary to other alloy systems. This result appears to invalidate any simple interpolation scheme and favours the authors proposed band-anti-crossing model of the interaction between localized N states and the extended states of the semiconductor matrix as we will briefly review in section 2.
For laser applications, this new material system has several important advantages as compared to the most commonly used InGaAs/InGaAsP and InGaAsP/InP systems. First of all, a better high temperature performance of the laser structures is achieved due to a larger conduction band (CB) offset and, thus, improved electron confinement and decreased electron spill-out at room temperature and above. Secondly, the increase of the electron effective mass with the addition of nitrogen provides a close match between the effective mass values for electrons and holes, beneficial for laser applications. Moreover, GaInNAs gives the flexibility of tailoring in the band gap and an increase in the lattice parameter. Hence GaInNAs gives the potential to produce material lattice matched or mismatched to GaAs with a wide range of band gap energies (from ≈1.5 eV to less than 0.8 eV) [9] .
On the other hand, the optical material quality deteriorates significantly with increasing N mole fractions [10] , resulting in a much higher threshold current density of GaInNAs/GaAs lasers compared with that of GaInAs/GaAs lasers. In order to improve the performance of 1.3 µm GaInNAs/GaAs quantum well lasers, the nitrogen composition of GaInNAs well should be reduced, although this leads to an increased strain in the quantum wells. By introducing a strain compensated barrier to this system, it is now possible to grow highly strained GaInNAs wells free of misfit dislocations and increase the number of QWs in the laser structures [11] . The effect of the strain compensated barriers on the performance of equivalent lasers is an ongoing study and will be published later.
The reports [12, 13] showed that when small amounts of nitrogen is added to GaAs or InGaAs, the alloy exhibits an unusual band structure compared to that of III-V alloys. This unusual band structure opens an interesting possibility of using N-containing alloys for long wavelength optoelectronic devices [12] . The gain characteristics of nitride alloys emitting 1.3 µm has been studied theoretically and experimentally, and compared with more conventional alloy systems [14] [15] [16] . The potential advantage of doping, however, remains a subject of ongoing debates [8, 9, 17] . The limitation on the maximum attainable free electron and/or hole concentration by doping is an important issue for the physics of semiconductors and the functionality of their devices. Yu et al [17] reported that the maximum free electron concentration increases rapidly with the N concentration in heavily Se-doped GaInNAs alloys. A dramatic increase of the conduction band electron mass is also reported in heavily n-type doped InGaNAs alloys [8, 9] . These findings offer an interesting opportunity to use alloying with nitrogen not only to overcome doping limits but also provide a closer match between the valence band and conduction band effective masses in n-type III-V systems. In addition, an understanding of the effect of doping on band structure parameters is an important issue which has to be addressed and will certainly help clear out the optimization of III-N-V quantum well active layer for improved device performance. In this respect, the effect of doping on Fermi functions, effective mass, transparency carrier density, peak and differential gains by the unusual band structure behaviour of nitride systems is the objective of the present work.
The remainder of the paper is organized as follows. We introduce the band-anti-crossing model and idealized band model to investigate the transparency carrier density n tr and gain related parameters in section 2. The necessary comments on the validity of these approximate models are made to explain the basic physical properties of the systems under investigation. In section 3, we investigate first the effect of nitrogen composition on transparency carrier density, n tr , taking into account the non-parabolicity of the conduction band. Second, we explore the influence of doping on transparency carrier density in nitride systems and compare the results with those of more conventional material systems and their intrinsic cases. Section 4 investigates both the effect of nitrogen composition and doping on peak gain and peak differential gain. Some conclusions are drawn regarding the potential advantage of doping on the gain characteristics of this material system in section 5.
The models

The band-anti-crossing model
The band-anti-crossing model (BAC) explains the conduction band modification due to the presence of nitrogen in GaInNAs alloys. In this BAC model, an anti-crossing interaction of localized N states with the extended state of GaAs or InGaAs leads to a characteristic splitting of the conduction band into two non-parabolic subbands [18] . The downward shift of the lower subband is responsible for the reduction of the fundamental band gap, and optical transitions from the valence band to the upper subband account for the high energy edge. The model has been successfully used to quantitatively describe the dependences of the upper and lower subband energies on N content and on hydrostatic pressure of group III-N-V alloys [17, [19] [20] [21] . The low energy edges of the subbands are given by the expression
where E M and E N are the energies of the extended state and of the N level relative to the top of the valence band, respectively, and V MN (V MN = 2.7 √ y eV, [22] where y is the N composition) is the matrix element of the term describing the interaction between localized N states and the extended states. The predicted splitting of the CB into subbands has been confirmed experimentally [18, 23] . The nitrogen level dependence on the nitrogen composition is E N = 1.52 − 3.9y [24] . The conduction band energy E M of the matrix semiconductor is taken to vary in the presence of nitrogen as E M = E 0 − 1.55y where E 0 is the energy in the absence of nitrogen [24] . E − transition shifts towards lower energies with increasing N composition, in contrast, E + transition shifts towards higher energies with increasing nitrogen content and its intensity increases relative to the E − intensity [18, 19, 23] .
As has been stated above, the electron effective mass in III-V-N has been predicted [25] [26] [27] [28] to increase with increasing nitrogen composition in the low composition range. This behaviour is rather unusual and is, in fact, opposite to the conventional semiconductors, where the value of the effective mass decreases with decrease of the band gap energy. Moreover, the CB in the alloys is predicted to be very nonparabolic [27] , leading to a strong energy dependence of the effective mass.
The knowledge of the effect of the effective mass on gain parameters is of special significance for a full exploration and optimization of this material system in device applications. Therefore, it is our aim at this point to discuss the influence that this has on design issues. We have calculated the change in electron effective mass due to the nitrogen-modified conduction band using the following dispersion relation of
where m M is the electron effective mass in the parabolic conduction of the ternary GaInAs. Equation (2) is obtained by Skierbiszewski et al [8] to model their experimental results. Our calculated results show an increased value of the electron effective mass in Ga 0.93 In 0.07 N y As 1−y with increasing nitrogen composition, as has been predicted by theories. Such an increase may be beneficial for device designing due to its effect on subband carrier populations.
Idealized band model
In order to highlight the effect of the conduction band effective mass and doping on transparency carrier concentration and peak gain, an idealized band model is used. This model is based on the assumption that the lasing characteristics are dominated by a single conduction band of mass m c and a single valence band of mass m v . This idealized band structure should provide a reasonable description of thin wells under biaxial compression, where m v /m c ≈ 2 [29, 30] , and the large energy separation between the valence subbands means that only the first subband is sufficiently populated to play a role. It should also describe thicker wells under large biaxial tension, N= 0% N= 1% N= 5% N= 10% Undoped where m v /m c 10, and the very large effective mass of the top subband means that the lower subbands are not significantly populated, despite the fact that the energy separation between the highest and second subbands is typically less that 50 meV for 1.5% tensile strain [31, 32] . The model is less appropriate to lattice matched QW structures, and to quantum wells with moderate tensile strain where the valence band structure is strongly non-parabolic and where the second subband can play an important role. The use of realistic band structure yields higher values of the transparency carrier density than those found with parabolic approximation, because of the differing shape of the real bands. Although this simple parabolic band model ignores many features in the real band structure, it should nevertheless be useful for obtaining a theoretical trend which is in good agreement with the measurements [29] [30] [31] [32] [33] [34] . The band edge peak gain, G max , for electron and hole carrier density n at the quantum well band edge is given by [35] 
where
where is the optical confinement factor, E g is the optical energy gap, µ 2 is the squared dipole moment along a given polarization of light, m r is the reduced mass, 0 is the permittivity in vacuum, n is the refractive index of the material and L z is the well width. The quantities f c (n) and f v (n) are the Fermi occupation factors for electrons at the conduction and valence subband edges, respectively. The band edge peak gain can be rewritten using the inverted forms of Fermi occupation factors as
with
where m c and m v are the conduction and valence band masses, respectively. At transparency, G max = 0, so the transparency carrier density can be determined from equation (4) by solving
The value of α = n tr /n c depends only on R (=m c /m v ). The differential gain at transparency, β = dG max /dn, can be determined by differentiating the peak gain in equation (4) with respect to carrier density as
The differential gain can be rewritten in the following form to see the band gap, transparency carrier density and mass ratio dependence:
It is not our intention in this paper to draw any quantitative conclusions relative to experimental values. Therefore, the use of these models provides us the required simple phenomenological expressions for the band structure as needed for laser modelling. Both models that we have used are simple, provide analytical expressions and explain the basic physical properties of materials well.
The nitrogen composition and doping dependence of transparency carrier density
The plots of Fermi functions f c and f v for Ga 0.93 In 0.07 N y As 1−y as a function of carrier density at several nitrogen compositions y are shown in figure 1 using the inverted forms of f c and f v . A plot of f c for an equivalent nitrogen-free system is also illustrated in figure 1 . The transparency carrier density corresponds to the intersection of the plots of f c and f v from equation (5) . The Fermi function f v is almost the same for different nitrogen compositions [9] , i.e., the addition of nitrogen has a negligible effect on the valence band. Figure 1 shows that the transparency carrier density n tr increases with increasing nitrogen composition. In addition, the transparency carrier density in nitrogen-included material system is relatively high compared to the nitrogen-free material system, due to high carrier effective masses, which translates into a high density of states. The difference in f c values is especially significant at low nitrogen composition and the difference in f c values gets smaller when nitrogen composition increases. It is known that the material parameters are influenced effectively by doping [35] . So, although the transparency carrier density n tr of nitrogen-included system is higher than that of the nitrogen-free system, n tr values can be reduced effectively by means of n-and p-type doping. In equation (5) and all that follow, the presence of donors or acceptors can be accounted for making the following replacements [35] Table 1 summarizes the effect of n-and p-type doping in Ga 0.97 In 0.03 N 0.01 As 0.99 material system and its nitrogen-free counterpart. The analysis of table 1 reveals that n-type doping is more effective to reduce the transparency level in the nitrogen-free system; however, p-type doping is more effective to reduce the transparency in the nitride system. This result indicates the fact that although the strong conduction band/valence band asymmetry has been removed in nitrides compared to N-free conventional material systems, this will not induce a decrease in the transparency carrier density. The conduction band/valence band symmetry cause the Fermi levels to move more symmetrically with injected carrier concentration, however the density of states in the conduction band is increased due to the increase in conduction band effective mass. Overall, the conduction band/valence band symmetry do not imply reduced transparency [16] . Because the overall effect is not only determined by reduced conduction band/valence band asymmetry but also the reduced density of states in both valence band and conduction band.
The nitrogen composition and doping dependence of peak gain and peak differential gain
The effect of nitrogen composition on the peak gain is calculated and shown in figure 3 . The variation of the peak N= 0% N= 1% N= 5% N= 10% Undoped gain for a nitrogen-free system is also found for comparison. A reduction in the peak gain is observed with increasing nitrogen composition. This diagram is obtained when the material is undoped. To see the effect of doping on peak gain we obtain a variation of peak gain as a function of carrier density in the case of 4 × 10 18 cm −3 donors and acceptors for a material system including 1% nitrogen, see figure 4 . First, a very rapid increase in peak gain is obtained in the case of both n-and p-type doping compared to undoped material system, i.e. figure 3 . Second, the magnitude of peak gain is more influenced by p-type doping at low injection carrier density, whereas n-type doping seems effective at higher injected carrier densities. In a nitride-free system, it was shown that p-type doping is effective to increase peak gain [35] . Figure 5 shows the variation of differential gain for undoped and n-and p-type doped Ga 0.93 In 0.07 N y As 1−y for different nitrogen (y) compositions. First, the peak differential gain is reduced with increasing nitrogen concentration as seen in figure 5 . The nitrogen dependence of the differential gain depends on the variation of band gap E g and the mass ratio R. This can be analysed as follows: • a decrease in differential gain due to the ratio 1/(1+R) in equation (7) and • an increase in differential gain due to the second term in square brackets in equation (7) (e −α tends to decrease this term owing to the increase in transparency carrier density with nitrogen content; on the other hand, (R − 1) increases with nitrogen content).
(iii) The combined effect of all these gives a decrease in differential gain with increasing nitrogen content.
Second, the differential gain of the quantum well is, in fact, reduced by doping of the quantum well. The analysis of figure 5 indicates that the variation of differential gain with injected carrier density is almost the same for different nitrogen concentrations in the case of n-type doping. However, in the case of p-type doping, differential gain varies for different nitrogen concentrations. It should be noted that this variation is significant at low injected carrier density and they tend to have the same values at higher injected carrier densities.
In figure 6 we plot differential gain for an undoped and doped material with 4 × 10 18 cm −3 acceptors and donors in the case of nitrogen free and 1% nitrogen material system. In a nitrogen-free system, n-type doping causes much larger reductions compared to p-type doping. In contrast, p-type doping causes more reductions than n-type in a nitride system. The reduction in peak differential gain is a result of the increased density of states due to the higher electron effective mass in nitride systems. The higher density of states causes the quasi-Fermi level to move more slowly with injected carrier concentration, therefore, resulting in a decreased peak differential gain. However, these comments have to be considered in conjunction with the valence and conduction subband spacing and the reduced transition matrix element. Alexandropoules et al [16] have shown that the valence band structure of GaInNAs exhibits a lower density of states and higher subband spacing compared to InGaAsP. Therefore the implications of the high electron effective mass will be compensated and controlled by the valence band structure. This argument provides a simple design guideline [16] .
Concluding remarks
Nitrogen-containing III-V ternary and quaternary alloys represent a novel material system which has many exciting physical properties and a great potential for many applications in optoelectronic and photonics. By far, the most studied and the best understood are the GaInNAs alloys with low nitrogen composition, where impressive progress in the material growth and device fabrication has been achieved within a very short period of time. To secure the full exploration of the alloy potential for device applications, comprehensive studies of the basic band structure and the recombination processes in the materials have been undertaken. The majority of the discovered fundamental physical properties can be referred to as unusual and fascinating. These include the giant bowing in the band gap energy, the appearance of the E − and E + subbands in the conduction band, a sublinear pressure dependence of the band gap energy, a strong increase of the electron effective mass with decreasing band gap energy (increasing nitrogen composition), etc. In this paper, we have presented that the type of doping has an opposite effect on nitride systems compared to an equivalent nitride-free system. This is another unusual physical property of nitrogen-containing alloys due to the nitrogen-induced modifications of the conduction band structure.
In conclusion, although the addition of nitrogen into III-V systems increases the transparency carrier density n tr , this disadvantage can be eliminated by means of n-and p-type doping. Especially, p-type doping is more effective to lower transparency carrier density n tr than n-type doping in a nitride system. On the other hand, n-type doping is more effective in increasing gain in a nitride system. Our calculations confirm that n-type doping is more effective to reduce transparency carrier density n tr whereas p-type doping effectively increases peak gain in a nitride-free system. Overall, our theoretical investigation reveals the fact that n-and p-type doping have also an unusual, i.e. reverse effect on the band parameters of nitride systems compared to that of the III-V systems. p-type modulation doping of III-N-V quantum well active layers may have certain benefits to lasers in nitride systems.
